Mining and characterization of Simple Sequence Repeat (SSR) markers from whole genomes provide valuable information about biological significance of SSR distribution and also facilitate development of markers for genetic analysis. Whole genome sequencing (WGS)-SSR Annotation Tool (WGSSAT) is a graphical user interface pipeline developed using Java Netbeans and Perl scripts which facilitates in simplifying the process of SSR mining and characterization. WGSSAT takes input in FASTA format and automates the prediction of genes, noncoding RNA (ncRNA), core genes, repeats and SSRs from whole genomes followed by mapping of the predicted SSRs onto a genome (classified according to genes, ncRNA, repeats, exonic, intronic, and core gene region) along with primer identification and mining of cross-species markers. The program also generates a detailed statistical report along with visualization of mapped SSRs, genes, core genes, and RNAs. The features of WGSSAT were demonstrated using Takifugu rubripes data. This yielded a total of 139 057 SSR, out of which 113 703 SSR primer pairs were uniquely amplified in silico onto a T. rubripes (fugu) genome. Out of 113 703 mined SSRs, 81 463 were from coding region (including 4286 exonic and 77 177 intronic), 7 from RNA, 267 from core genes of fugu, whereas 105 641 SSR and 601 SSR primer pairs were uniquely mapped onto the medaka genome. WGSSAT is tested under Ubuntu Linux. The source code, documentation, user manual, example dataset and scripts are available online at https://sourceforge.net/projects/ wgssat-nbfgr.
contractions (in 5′ UTR, 3′ UTR, exonic, and intronic regions) results in gain/loss of gene function via frame-shift mutation or may be due to alteration in gene transcription, splicing of mRNA or export to cytoplasm (Duval and Hamelin 2002; Fabre et al. 2002) . In all human chromosomes, except Y, the tri-repeats show 2-fold higher frequency in exonic region, compared to intronic and intergenic regions, as there is suppression of non-trimeric SSRs in coding regions, possibly caused by frameshift mutations (Metzgar et al. 2000; Subramanian et al. 2003) . SSRs act as evolutionary tuning knobs as they provide an evolutionary advantage of fast adaptation to a new environment (King et al. 1992 ) and may be located in gene or regulatory regions. However, due to limited information about the chromosomal location of SSRs and their characterization, there is no clear link discussed to date about the correlation between SSR polymorphism and gene evolution (Li et al. 2004 ). Many studies have described crossspecies amplification of SSRs, that is, primer pairs designed for one species can be used for other species of the same genus (Isagi and Suhandono 1997) or even for different genera of the same family (Roa et al. 2000) , as it reduces costs when working on taxon with low microsatellite frequencies or from which microsatellites are difficult to isolate (Oliveira et al. 2006; Qu and Liu 2013) .
The development of SSRs is usually costly and time consuming following the conventional approaches; however, with the advent of Next Generation Sequencing (NGS) technology the development and mining of SSRs is comparatively easy and cheap. The position of specific SSRs in known genes from the whole genome can reveal the biological significance of SSR distribution, expansion, and contraction on the function of these genes (Oliveira et al. 2006) .
A number of software are available for SSR mining, such as MISA (Thiel et al. 2003) , SSRIT (Temnykh et al. 2001) etc. However, they do not provide a single easy-to-use pipeline to characterize SSRs, predict genes and noncoding RNAs (ncRNAs) along with retrieval of cross-species markers from whole genome data. Existing tools require user knowledge of different file formats, software and commands along with the expertise in programming to parse the data output of each software for use with the other tools.
The unavailability of a genuine SSR characterization tool and required expertise for SSR mining and its characterization from whole genome have prompted us to develop a fully automated, user friendly, graphical user interface whole genome SSR pipeline named "WGS-SSR Annotation Tool (WGSSAT)". This pipeline integrates prediction of genes, ncRNA, repeats and SSRs from assembled whole genome and mapping of these predicted SSRs on to the genome (including genes, ncRNA, repeats, exonic and intronic regions) along with primer designing and mining of cross-species amplification markers.
Methods
WGSSAT is written using Perl scripts, Java NetBeans and is tested under Ubuntu Linux (64 bit). The source code, documentation, user manual, example dataset and scripts are available online at https://sourceforge.net/projects/wgssat-nbfgr. The workflow of the WGSSAT pipeline is depicted in Figure 1 . WGSSAT consists of 6 main windows, and each window corresponds to a particular step required for genomic and SSR characterization and annotation. WGSSAT supports FASTA and GFF file formats for the analysis. The features associated with each of these windows are described below.
Gene Prediction Tab
This tab encapsulates the use of Augustus (Stanke et al. 2004 ) to predict gene from whole genome sequence data with default parameters.
RNA Prediction Tab
This tab predicts RNA through sequence as well as structure based homology search with the parameters described by Anthon et al. (2014) . Sequence based homology search includes BLAST (Altschul et al. 1990 ) against tRNA, rRNA, SnoRNA as well as RFAM databases and miRBase (Jühling et al. 2009; Quast et al. 2013; Yoshihama et al. 2013; Kozomara and Griffiths-Jones 2014; Nawrocki et al. 2014) , described in Table 1 . Structure-based homology includes tRNAscan (Lowe and Eddy 1997) and Infernal (Nawrocki et al. 2014) for RNA prediction. Users have the option to set custom parameters. Detailed parameters for the tools used for RNA prediction are mentioned in Table 2 . Furthermore, redundancy of RNA prediction is reduced by merging the overlapping regions via the bedtools merge feature (Quinlan and Hall 2010) , and subsequent parsing of the output is carried out by the included Perl script (the actual Perl script used should also be specified if it is included in the source code). Overlapping prediction of ncRNA is visualized using Venn diagram plotted with jvenn (Bardou et al. 2014 ).
Repeat Mining, SSR Prediction and Primer Designing Tab
This tab mines repeats and transposable element from whole genome assembly data using RepeatMasker (Smit et al. 2010 ) with default parameters, and RMblast was used for sequence alignment. Furthermore, SSR mining, primers identification and mining of unique primers were integrated in WGSSAT. SSR mining is done using MISA. The sequences, included SSR motif and 300 bp flanking sequences on each side of the motif, were used for automatic primer designing by Primer3 (Untergasser et al. 2012) . Uniquely identified SSR primers were mined using Bowtie tool (Langmead et al. 2009 ) with default parameters.
Annotation Tab
This tab annotates genes along with mapping of SSR onto the genic (intronic, exonic), RNA, repeat elements, core gene regions etc. Annotation of genes and core genes was carried out by performing BLAST against the UniProt database (UniProt Consortium 2014) and Core gene database (CEGMA) (Parra et al. 2007) , respectively, along with the gene ontology mapping of all predicted genes as well as the genes containing SSR.
Final Statistics and Visualization Tab
The resulting pipeline outputs can be viewed in HTML graphical and tabular form using the HighCharts library (http://www.highcharts. com/). The visualization of the predicted genes, RNA, repeats as well as the SSR on to the genome was integrated using JBrowse (Skinner et al. 2009 ) features. Furthermore, mapping of the predicted SSR on to the other genome was carried out using Bowtie tool.
GFF File Tab
This tab is useful when the gene and RNA information is already available. Users have to provide GFF 3 file and then the whole process is automated, which outcomes in SSR mining using MISA and mapping of these predicted SSR on to the genic, intergenic, and RNA regions. Users can also visualize all genomic features along with mined SSR as well as SSR mapped on to the other genome using JBrowse functionality.
Results and Discussion

Pipeline Optimization
The software default parameters have been set for novice users and can easily be applied in most genomes. For experienced users, customized parameters can be adjusted according to the need for each of the software mentioned above. Augustus, BLAST with RFAM, RepeatMasker, and BLAST with UniProt take most of the running time. The time consumption of each of the software integrated above varies widely based on the chosen parameters and the size of the genome. The time taken by various software integrated in WGSSAT is discussed in Supplementary Table 1.
Usage Example
We tested our tool on the fugu (Takifugu rubripes) genome, using the following PC specification (8 GB RAM, 4*3.20 GHz processor). The fugu genome was downloaded from the NCBI FTP (ftp://ftp.ncbi. nlm.nih.gov/genomes/Takifugu_rubripes/), followed by removal of unplaced contigs and mitogenome from the whole genome sequence data, and analyzed using WGSSAT. Fugu genome contains about 139 057 SSRs; out of which 113 703 SSRs' primer pairs gave unique in Infernal with miRNA e-value = 0.000000001 e-value = 0.00001 e-value = 0.001 silico amplification. Mapping of these SSR as well as primer pair was carried out on medaka genome to mine cross-species markers. Out of 139 057 mined SSRs, 81 463 were from coding region (4286 exonic and 77 177 intronic), 7 from RNA, 267 from core genes of fugu, whereas 105 641 SSR and 601 SSR primer pairs were uniquely mapped onto the medaka genome. Gene annotation yielded 68% of the proteins annotated by performing BLAST against UniProt fish protein sequences, whereas 0.5% of proteins are the part of core proteins. Gene ontology mapping of both proteins and SSR containing proteins showed that the large number of proteins are involved in the regulation of the transcription and signal transduction. Large numbers of SSR are mapped onto the medaka genome, as medaka is closely related to fugu (Khorasani et al. 2004 ). Furthermore, SSR characterization was carried out on the basis of the curated or experimentally validated genes mined from NCBI in GFF format. This yielded 61 886 SSRs (1354 exonic and 60 532 intronic) from coding region. Detailed analysis result is given in Supplementary Table 2 . In order to check the performance and specificity of the tool, we tested this on the data published by Qu and Liu (2013) on maize (Zea mays ssp. mays L.). The genome sequences for maize B73 (Release ZmB73_RefGenV2) and GFF file for genome annotation (ZMB73_5b_FGS) were downloaded from http://ftp.maizesequence. org/release-5b/filtered-set. The dataset was further run on WGSSAT software. The comparative results are presented in Table 3 .
The variation observed with respect to uniquely amplified SSR in both the studies was due to the fact that no mismatch was allowed in WGSSAT during primer sequence aligned with the maize reference genome, whereas Qu and Liu (2013) introduces one mismatch. In order to further check the SSR variations in genic region in our result, we extracted the FASTA sequence of genic region obtained by GFF file (ZMB73_5b_FGS) genome annotation and ran it on MISA tool. The results of WGSSAT pipeline were almost similar to the result we got after running MISA on the sequences obtained from genic region in Z. mays. However, the minor variation in genic SSRs may be attributed to some overlapping in genic regions.
The annotation of ncRNA is a cumbersome process which requires knowledge of different tools, data formats, and expertise in programming. The available RNAspace web server is a user friendly webserver that provide access to different RNA prediction software, but it is limited to the analysis of smaller genomes. A pipeline was also attempted by Anthon (2014) to find ncRNA on the pig genome which uses similar approach of RNA prediction analysis, as WGSSAT. This pipeline also includes more packages such as RNAZ, RNAmmer etc. The parameters used by Anthon et al. (2014) for ncRNA prediction were also used in our study. The MISA tool is integrated for SSR analysis in WGSSAT to identify both perfect SSRs and compound SSRs (being interrupted by a certain number of bases). The MISA tool lacks the identification of imperfect SSRs. To address this, more recent SSR algorithms will be evaluated and incorporated in the next version of the WGSSAT software.
The Primer3 pipeline takes much time and results in accumulation of large data when running on larger datasets. So in order to reduce the time, we have modified the script in such a way that the sequences, included SSR motif and 300 bp flanking sequences on each side of the motif, were used for automatic primer designing using Primer3.
WGSSAT is able to handle relatively large genomic data sets, and is the only currently available workflow that we believe provides all the crucial steps for SSR mining, viz. gene prediction, annotation, RNA prediction, SSR identification, primer designing, Repeat identification, mining of cross-species marker, visualization, and distribution of SSRs (present in genic, inter-genic, exonic, intronic, RNA regions) in the genome. Moreover, WGSSAT allows users to choose different software for RNA prediction along with visualization of genes, RNA, repeats, SSRs, and primers on JBrowse.
Conclusion
Applications of the WSGAAT pipeline ensure the exact position of the SSRs, that is, part of genes (intronic and exonic both), core genes, RNA and intragenic region, the biological significance of the SSR distribution, expansion and contraction and, hence, the function of the genes can be revealed. This software will not only provide insight into the distribution pattern of SSRs in whole genome, but will also help in gene prediction, annotation, RNA prediction, and repeats mining. The well characterized and annotated SSR markers will further help in screening more SSR polymorphic markers throughout the genome, which could be useful in genetic analysis and marker assisted breeding. SSR annotation may also provide a clue for adaption, pathogenesis and has a role in understanding evolutionary Table 3 . Comparative analysis of SSR mining and characterization in Zea mays genome as reported by Qu and Liu (2013) processes. This tool also provides the information about the primer pairs for amplification of SSRs in different genomes, thus, reducing the operational cost when working on taxa with low microsatellite frequencies or from which microsatellites are difficult to isolate. In future, we plan to extend this pipeline to RNA-Seq data as huge quantity of high-throughput sequencing data obtained by transcriptome studies. Such analyses will permit both the annotation and large scale mining of putative SSR markers from RNA-Seq data.
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